Recent studies with kindling and convulsant drug models of epilepsy suggest that the piriform (primary olfactory) cortex may be particularly susceptible to generation of epileptiform activity. The present study has examined the generation of interictal epileptiform events in the piriform cortex of kindled rats in viva, taking advantage of special features of this system that facilitate physiological analysis.
The investigation included analysis of extracellular and intracellular potentials, and membrane currents computed by current source density (CSD) analysis. In pyramidal cells, epileptiform events consisted of an initial EPSP that occurred in all-or-none fashion and a long-lasting IPSP with Cl--and K+-mediated components. Onset of the IPSP was sufficiently fast that firing evoked by the EPSP was consistently limited to single action potentials.
CSD analysis revealed the presence of two distinctly different excitatory epileptiform currents: an initial inward current of unknown origin that is widely distributed over depth, and a second much larger inward current at the depths of proximal apical and basal dendrites of pyramidal cells. It was concluded that this second component is mediated by the associational projections of pyramidal cells excited by the first component.
Since these heavy associational projections also extend to neighboring areas including the amygdala, entorhinal cortex, and insular and orbitofrontal areas of neocottex, this second component could be widely propagated within the basal forebrain. An important finding was that the EPSP generated by this associational pathway was completely blocked in cell bodies of pyramidal cells in piriform cortex by the IPSP during most events. This IPSP may therefore play a critical role in limiting seizure activity by preventing reverberating positive feedback in the pyramidal cell population.
It can be speculated that compromise of this IPSP, as by repetitive activation by the shock trains used for kindling, leads to prolonged epileptic activity in the piriform cortex and the many limbic structures to which it projects.
Recent studies have raised the possibility that the piriform (primary olfactory) cortex may play a larger role in temporal lobe epilepsy than previously suspected. Injection of convulsant drugs into many temporal lobe structures can induce seizures, but the threshold for initiation is much lower at the deep boundary of piriform cortex than in the hippocampus, entorhinal cortex, amygdala, and other areas that have been implicated in the generation of epileptic events Gale, 1985, 1986) . Injection of convulsant drugs into deep piriform cortex induces seizures that resemble those in complex partial epilepsy.
A number of studies with the kindling model of epilepsy have provided further evidence for a role of piriform cortex in temporal lobe epileptogenesis: the majority of interictal discharges in kindled rats occur at shorter latency in the piriform cortex than in the hippocampal formation, amygdala, and other temporal lobe areas, regardless of the site of induction (Kairiss et al., 1984; Racine et al., 1988) . Kindling occurs after fewer afterdischarges in the piriform cortex than in the hippocampal formation and other limbic structures (Goddard et al., 1969) . Injection of excitatory amino acid antagonists (Croucher et al., 1988) and GABA transaminase inhibitors (Stevens et al., 1988) into the deep piriform cortex suppresses kindling and kindled seizures from other parts of the limbic system. In slices taken from kindled animals, epileptiform activity cannot be evoked in the hippocampal formation unless extracellular K+ is elevated or inhibition is reduced (Kairiss et al., 1984; King et al., 1985) , but can be readily evoked in the piriform cortex in normal bathing medium (McIntyre and Wong, 1986; Hoffman and Haberly, 199 1 b) . Finally, an analysis of latency suggests that epileptiform activity in the piriform cortex may propagate to other temporal lobe structures (Racine et al., 1988) .
The present study was designed to analyze the mechanism of generation of epileptiform activity in the piriform cortex of kindled rats. A urethane-anesthetized preparation was used in which kindled epileptiform activity can be consistently evoked by shock stimulation. Spontaneous interictal and evoked activity in this preparation resembles that previously observed in chronic unanesthetized animals (Kairiss et al., 1984; Russell and Stripling, 1985; Racine et al., 1988) . In this acute preparation it is possible to perform detailed physiological analysis with intracellular recording and current source density (CSD) methods. CSD analysis has proven to be of particular value for study of this system (Haberly and Shepherd, 1973; Moyano et al., 1985; Rodriguez and Haberly, 1989) because the segregation of neuronal elements over depth (reviewed by Haberly, 1985; Haberly and Bower, 1989) facilitates the interpretation of net membrane currents. This study in intact animals focuses on the 2212 Haberl y and Sutula l Ki ndl ed Epileptiform Events i n Piriform Cortex mechanism of expression of kindled seizures; induction and initiation processes are being examined in a parallel series of studies in a slice preparation Haberly, 1989a,b, 1991a,b) .
Materials and Methods
Kindling procedure. Kindled seizures were induced by repetitive stimulation delivered through bipolar electrodes made from 150-pm-diameter stainless steel wire that were chronically implanted in the granule cell layer of the olfactory bulb of male Sprague-Dawley rats. Surgery was performed under pentobarbital anesthesia at an initial intraperitoneal dose of 60 mg/kg with supplements as necessary. After a 2 week recovery period, kindling was performed with 1 set duration trains of 1 msec biphasic square pulses at 62 Hz, adjusted to the lowest amplitude that evoked an afterdischarge. The stimulus trains were delivered twice daily, 5 d/week; evoked behavioral and electrographic seizures were classified according to standard techniques (Sutula and Steward, 1986) . Electrophysiological investigation was performed in animals that had experienced 12-l 00 generalized tonic clonic (class 5) seizures at intervals ranging from 2 to 114 d after the last evoked seizure. After completion of electrophysiological recording, placements of stimulating and recording electrodes were verified histologically in 40 Frn frozen sections stained with cresyl violet.
General recording procedures. All recording was carried out under urethane anesthesia at an initial intraperitoneal dose of 1.2 g/kg with supplements as necessary. Animals were tracheotomized but not artificially respirated, temperature was maintained with a thermostatically controlled warming blanket; one-half normal physiological saline with 5% dextrose was infused intragastrically at a rate of 1 ml/hr throughout experiments. Electrodes were introduced under direct vision after surgical exposure of the cortical surface. Afferent fibers in the lateral olfactory tract (LOT) were stimulated with 100 Nsec current pulses delivered through a monopolar tungsten microelectrode referenced to a nearby large-diameter silver wire contacting muscle. In most cases, the stimulating electrode was introduced through the intact dura with the tip just penetrating the surface. Placement was over the thick central portion of the tract to minimize current spread to the underlying cortex. The ability of this electrode to selectively activate afferent fibers was verified by determining that the B, component of the field potential was blocked by a conditioning shock delivered 30-60 msec before the test shock (see Haberly, 1973) . Recording electrodes were micropipettes of varying tip diameter and filling solution as described below.
Procedures for intracellular recording. Recording micropipettes were filled with neutralized 4 M potassium acetate; resistances were 80-100 MR. The brain surface was stabilized by minimizing the skull opening (5 1 mm in diameter), by introducing electrodes through small slits in the dura at an oblique angle, and by covering the surface with 4% agar in mammalian Ringer. Cell entry was facilitated with current pulses of varying waveform and amplitude. Current was injected through a bridge circuit to alter membrane potential, but the relatively high electrode capacitance resulting from the layer of agar and the considerable penetration depth usually prevented accurate adjustment of bridge balance.
Responses were recorded and analyzed with a computer system as previously described (Tseng and Haberly, 1988) . Laminar positions of impalements were determined from the characteristic shapes of extracellular field potentials evoked by LOT stimulation (Haberly, 1973; Rodriguez and Haberly, 1989) . Population epileptiform events were monitored by recording field potentials at the cortical surface near the site of entry of the intracellular micropipette. Because large extracellular field potentials are associated with epileptiform activity, it was necessary to subtract responses recorded after electrode withdrawal from responses recorded intracellularly to compute the responses of impaled neurons (see Kandel et al., 196 1, their Fig. 3 ). Extracellular records were selected for subtraction based on a match in simultaneously recorded surface field potentials with those recorded when the electrode was intracellular.
Procedures for CSD analysis. Methods and theoretical basis for onedimensional CSD analysis in piriform cortex with a single electrode have been previously described in detail (Haberly and Shepherd, 1973; Rodriguez and Haberlv. 1989 card. Stimulus parameters were adjusted so that epileptiform components were evoked with a consistent waveform and latency (not possible in all animals). Consistency was insured by monitoring potentials with a second electrode at a fixed depth during data acquisition. In experiments where epileptiform events failed to occur on all trials, nonepileptiform responses were manually rejected during acquisition. However, all reported results were obtained in experiments in which no rejection was required.
Current source density was computed from sets of extracellular field potentials evoked by LOT stimulation that were recorded at 20 pm intervals through the depth of the cortex. Typically, two to four responses of 600 msec duration were averaged on line at each of 55-70 depths. The first step in the analysis was the generation from these responses of potential profiles over depth at small time intervals. To improve signal-to-noise ratio, three or more sets of potential profiles from successive penetrations at the same recording site were typically averaged. These profiles were then smoothed with a convolution kernel defined in the spatial frequency domain by a Blackman window, double differentiated, and plotted as three-dimensional surfaces, contour plots, or depth and time rasters. Amplitudes of sources and sinks were integrated over depth and compared at small time increments to ensure that net current flow was one-dimensional. Source-sink mismatch was typically less than 5% when smoothing was minimal. Statistical analysis was performed on sets of data derived from multiple penetrations at each recording site as previously described (Rodriguez and Haberly, 1989) . Correspondence between cortical laminae and CSD profiles was established from three dye marks placed in each penetration. Marks were made by iontophoresis of Chicago blue from the recording micropipette (+ 1 PA for 5-10 min); animals were immediately perfused with 4% formaldehyde in 0.9% NaCl, the brain sectioned with a vibratome, and wet-mounted sections drawn with a camera lucida. Defocusing the condenser and use of dark-field illumination allowed visualization of all layers including the layer Ia/Ib boundary. Sectioning with a vibratome eliminated shrinkage introduced by the cryoprotection that is required for frozen sectioning; use of wet mounts eliminated distortion at the cortical surface introduced when sections are dried onto coated slides.
Results
Kindling alters jield potentials evoked by afferent fiber stimulation As previously described for the opossum (Rodriguez and Haberly, 1989) shock stimulation of afferent fibers in the LOT of control rats (n = 5) evoked a triphasic field potential response throughout the piriform cortex (Fig. 1A) . This response consisted of an initial deep positive wave (period 1) followed by a deep negative wave (period 2) and a long-lasting deep positive wave (period 3). Approximately mirror image potentials were recorded from layer I.
Period 1 consisted of A, and B, components (Fig. lA, right  column) . The A, component has been shown to result from current that generates the monosynaptic EPSP; the B, component, from current that generates the disynaptic association fiber-evoked EPSP (Rodriguez and Haberly, 1989) . Chlorideand potassium-mediated IPSPs occur during periods 2 and 3 (Satou et al., 1982; Tseng and Haberly, 1988) .
Kindling induced complex changes in the field potential evoked by LOT stimulation (Fig. 1B) (n = 14 animals). Typically, responses that closely resembled those in control animals were interspersed with responses with added components (Fig. 2) . These added components originated at variable latency, usually late in period 1 or early in period 2 (15-50 msec). Although probability of occurrence of abnormal components was increased at higher shock strengths, amplitude was not continuously graded as a function of stimulus strength as in the normal evoked potential. Abnormal components were observed in all kindled animals, regardless of the number of class 5 seizures The waveform of abnormal response components varied over a broad range, but typically included a triphasic negative-positive-negative sequence in deep layers of posterior piriform cortex and corresponding opposite polarity response at the cortical surface (Fig. 1B) . The initial deep negative abnormal response component was often spike-like ("epilept. spike" in Fig. 3 ), especially when it occurred at relatively brief latency, but could also have a slow ramp-like onset (Fig. 4C ). Response averaging often revealed a small deep positive deflection that preceded the negative wave (arrowhead in Fig. 3A ). In contrast to the variable negative wave, the waveform of the following deep positive component was relatively consistent and usually resembled that of the initial nonepileptiform response component (Fig. 4 , left column). The final component consisted of a deep negative wave that varied greatly in form. In some cases this component was of sufficient amplitude and duration so that period 3 of the field potential was obscured. This can be seen in Figure 1B (left column), where the final deep negative component outlasted the deep positive component in control responses ( Fig. 1A ) that defines period 3. Similar abnormal potentials could also be evoked by stimulation of association fibers in layers 6111 of piriform cortex (not illustrated). In animals that had undergone a large number of kindled seizures, abnormal components evoked in posterior piriform cortex by moderate strength shocks could be consistent in latency and waveform, allowing CSD analysis to be performed as described below.
An infrequently recorded response that was not included in the present study consisted of an abnormal component at brief latency that was only clearly visible in deep layers. Preliminary results (L. B. Haberly and T. Sutula, unpublished observations) indicate that this short-latency component represents a graded increase in pyramidal cell firing and is not epileptiform in character like later components.
Triphasic abnormal potentials were also observed in anterior piriform cortex. Although waveform often resembled the typical form described above for posterior piriform cortex, the positive component frequently failed to cross the nonepileptiform baseline, reducing the response to two deep negative waves (Fig. 5C , bottom trace).
The probability of occurrence of abnormal potentials was dependent on the rate of stimulation. In most experiments, epileptiform events were most frequently evoked with a stimulus repetition rate on the order of 1 Hz; rates of 0.1 Hz or below were often ineffective (Fig. 3A) . Paired shocks were much more effective in evoking abnormal potentials than single shocks (Fig. 3B) . Although effects of variations in paired shock separation were not systematically studied, intershock intervals on the order of 30 msec were usually optimal. Abnormal events evoked by paired shocks consistently displayed a large spikelike deep negative component (Fig. 3B ).
Control responses
In unoperated control animals under identical (n = 8) or nearly identical (n > 50) recording conditions, high-amplitude, consistently evoked "abnormal" response components as described above were never observed. Previous studies (Kairiss et al., 1984; Russell and Stripling, 1985) have established that chronic electrode implantation in the olfactory bulb and other limbic structures, and application of the same number of shocks used for kindling but at a low rate fail to induce changes in evoked potentials in piriform cortex like those observed after kindling.
Spontaneous epileptiform events occur in kindled animals
In the absence of stimulation, triphasic field potentials often occurred spontaneously in kindled animals. These potentials typically displayed considerable variability, but the different forms resembled the abnormal response components evoked by LOT stimulation (Fig. 4) .
Based on their generation in the absence of stimulation, erratic nature, and tendency for all-or-none occurrence in response to shock stimulation, the abnormal potentials in kindled animals can be said to be epileptiform in character. They resemble potentials recorded in chronic unanesthetized preparations (compare with Racine et al., 1983, their Fig. 7, and Kairiss et al., 1984, their Fig. 8 ).
Simultaneous rostral-caudal recording Since epileptiform events were observed in both anterior and posterior parts of the piriform cortex, simultaneous two-site recording was carried out to determine if activity in these two regions is temporally related. The recording sites in these experiments were separated by approximately 1 cm. Shock strength and repetition rate were adjusted so that epileptiform events were infrequent to minimize coincidental occurrence at both sites. When well-defined epileptiform events were evoked in Evoked Fig. 5A,B) . In 70 of 7 1 trials with events at both sites, latencies were greater in anterior than in posterior piriform cortex, suggesting possible posterior-toanterior propagation. Apparent conduction velocity computed from latency to peak for the 35 trials in which sharply defined deep negative components were present at anterior and posterior sites was 0.80 -t 0.13 m/set (*SD). By the use of relatively strong or paired shocks, it was possible to evoke epileptiform events at both anterior and posterior sites with the anterior event at shorter latency. Unfortunately, since threshold for epileptiform events tended to be lower posteriorly, it was not possible to determine if this temporal relationship was the result of independent generation at the two sites or a causal relationship such as anterior to posterior propagation. However, many anterior events were observed without subsequent posterior events, indicating that if anterior-to-posterior propagation does occur, it is inconsistent. Intracellular analysis Control responses. Responses to stimulation of afferent fibers in urethane-anesthetized control rats (n = 17 cells in five animals) consisted of initial depolarizing and long-lasting hyperpolarizing components as previously described in a variety of preparations (Biedenbach and Stevens, 1969; Scholfield, 1978; Satou et al., 1982; Haberly and Bower, 1984; Tseng and Haberly, 1988) . Although cells were not labeled by dye injection, comparison with responses recorded from identified cells (Haberly and Bower, 1984; Tseng and Haberly, 1988) as well as the lack of nonpyramidal cell impalements in previous in vivo studies in this laboratory (Haberly and Bower, 1984; Haberly et al., 1987) suggest that most or all neurons studied in control and kindled rats were pyramidal cells.
Responses after kindling. In kindled animals, intracellularly recorded responses to afferent fiber stimulation were qualitatively indistinguishable from controls when no epileptiform components were apparent in simultaneously recorded field potentials (Fig. 6B) . However, when epileptiform events occurred in extracellular records, both initial depolarizing and long-lasting hyperpolarizing potentials were substantially increased in amplitude (Fig. 6A ,C,D) (n = 11 cells in four animals that were stable for > 1 hr and a much larger number of transiently stable impalements).
Depolarizing epileptiform component. During early epileptiform events (initiated in period l), most cells displayed a sharply peaked depolarizing potential that evoked action potentials when threshold was exceeded (Fig. 64D) . The rising phase of this potential correlated with the surface positive, deep negative abnormal component of the epileptiform field potential (compare Fig. 6C,E) . Termination was usually abrupt as consequence of the onset of a fast IPSP as described below. However, when epileptiform events were evoked at relatively long latency, a long-lasting depolarizing envelope was occasionally observed, apparently as a result of a delay or decrease in this IPSP (trace 3 in Fig. 7A ).
Several lines of evidence indicate that an EPSP underlies the epileptiform depolarization in pyramidal cells. First, it is excitatory in action as evidenced by the triggering of action potentials (Fig. 60) . Second, injection of hyperpolarizing current increased the amplitude of epileptiform depolarizing potentials, and injection of depolarizing current decreased the amplitude, consistent with an EPSP (Fig. 8A) . Third, occurrence of this intracellular potential was consistently accompanied by epileptiform events at comparable latency in simultaneously recorded field potentials, indicating the presence of an underlying "population" rather than single cell "endogenous" process (Figs. 6-8). Fourth, occurrence was not blocked by sustained depolarization-a manipulation that blocks the low-threshold inactivating Ca2+ current that can generate slow "spikes" in piriform cortex (Tseng and Haberly, 1989b) . Occasional occurrence of epileptiform depolarizations at long latency during hyperpolarizing IPSPs (Fig. 8B ) further rules out exclusive generation by endogenous potentials triggered by the initial graded EPSP. Hyperpolarizing epileptiform components. A striking feature was the rapidity with which the epileptiform EPSP was terminated-sufficiently fast so that firing was consistently limited to a single spike. Several observations indicate that this termination process is a Cll-mediated IPSP generated via a feedback and Slow Sweep fr-J Figure 6 . Intracellularly recorded responses from a probable pyramidal cell in posterior piriform cortex of a kindled rat. A, Intracellular response accompanied by an epileptiform component in simultaneously recorded surface field potential (top truce in E). B, Response when no epileptiform component was present in field potential (middle trace in E). C, Superimposed traces from A and B. Note that a large depolarizing potential accompanies the surface positive component of the epileptiform field potential. This depolarizing potential is followed by a larger and longer-lasting hyperpolarizing potential than observed in responses without epileptiform components (right column). D, Same as B, but response that was suprathreshold for action potential generation (spike is truncated). E, Averaged field potentials recorded at the cortical surface with epileptiform event (top), no epileptiform event (middle), and superimposed event and no event trials (bottom). The same traces are illustrated at a fast sweep speed and high gain (left column) and slower sweep speed and lower gain (right column). All traces with the exception of those in D are averages of three or more responses. Extracellular field potentials recorded immediately outside of the cell after electrode withdrawal were subtracted from records in A-D.
loop. First, the abrupt fall in depolarization suggests the presence 8A), and peaked at approximately 20 msec following EPSP onset of a shunting process like that associated with the Cl--mediated (arrow in Fig. 8A ), consistent with a Cl--mediated IPSP (see IPSP in piriform cortex. Second, action potentials were usually Haberly and Bower, 1984; Tseng and Haberly, 1988) . evoked immediately before onset of the terminating process, Although the initial portion of the inhibitory process that but onset was not dependent on their occurrence in the impaled accompanied epileptiform events appears to be a Cl--mediated cell (compare Fig. 6C,D) , consistent with previous findings for IPSP, the very long duration of the hyperpolarization (600 msec feedback inhibition in piriform cortex (Satou et al., 1982; Ha- or more) and more negative reversal of the later portion suggest berly and Bower, 1984; Tseng and Haberly, 1988) . Third, the the presence of one or more longer-lasting processes mediated inhibitory process appeared to be inverted near resting memby K+. If this slow hyperpolarization were mediated endogebrane potential by injection of hyperpolarization current ( Galvan, 1986; Constanti and Sim, 1987; Tseng and Haberly, 1989b) , amplitude and duration would likely be related to occurrence of action potentials and, perhaps, magnitude of the preceding epileptiform component. As illustrated in Figure 6 , there was no apparent relationship between occurrence of action potentials on the epileptiform depolarization and amplitude or duration of the ensuing hyperpolarization. Further, no relationship was detected between amplitude of the epileptiform depolarization and strength of the hyperpolarization. In a small number of cells, slow hyperpolarizing potentials occurred in field pots. I 2mV Figure 8 . Effects of membrane potential on intracellularly recorded epileptiform events. Al, Four responses during intracellular injection of indicated amounts of current. Responses were selected in which simultaneously recorded surface field potentials (A3) were nearly identical. Same cell as in Figure 7 . A2, Superimposed traces from Al. Action potential from the response with +0.2 nA has been retouched at crossover points for clarity. A3, Averaged epileptiform field potentials simultaneously recorded with intracellular responses illustrated at top. Averaged trace from trials in which no epileptiform event was apparent is superimposed. Arrow in A2 indicates probable Cl--mediated IPSP (see Results). BI, Long-latency epileptiform event recorded in posterior piriform cortex that occurred during a hyperpolarizing IPSP. Different cell than illustrated in A. B2, Simultaneously recorded field potential superimposed on averaged nonepileptiform response. The time calibration at the top applies to all traces. association with epileptiform events without a preceding depolarizing process.
A candidate for at least one component of the slow hyperpolarization accompanying epileptiform events is a K+-mediated IPSP (Satou et al., 1982; Tseng and Haberly, 1988 C dence has been presented that this IPSP is generated in part by interneurons in a feedback loop in piriform cortex (Tseng and Haberly, 1988) , suggesting that it is triggered along with the Cl--mediated IPSP by the firing of pyramidal cells during the initial depolarizing component of epileptiform responses.
Current source-density analysis CSD analysis was carried out on potentials recorded in 67 penetrations in four kindled animals in which stereotyped epileptiform events were evoked. Analysis was confined to periods 1 and 2 because insufficient resolution was obtained for visualization of the small currents in period 3. All membrane currents described were statistically significant in individual experiments at p < 0.05 (see Materials and Methods) and consistently present in different animals. All penetrations were in posterior piriform cortex because of the relatively planar lamination. CSD analysis was confined to large epileptiform events initiated late in period 1 or during period 2 that could be consistently evoked in timelocked fashion. CSD analysis was also carried out on three unoperated control rats under conditions identical to those used for kindled rats (anesthesia, exposure sites, stimulus parameters, etc.). In addition, control CSD records were available from a much larger number of rats used in a different study (Ketchum and Haberly, 1988) under identical or nearly identical conditions. CSD analysis in control animals. Net membrane currents evoked by LOT stimulation in a control animal are illustrated in Figure 9 . As previously described for the opossum (Haberly and Shepherd, 1973; Rodriguez and Haberly, 1989) and rat (Moyano et al., 1985; Ketchum and Haberly, 1988 ; K. L. Ketchum and L. B. Haberly, unpublished observations), currents associated with monosynaptic and disynaptic EPSPs occur during period 1 of the field potential evoked by LOT stimulation. During the A, component of period 1 there is an initial sink (net inward membrane current) in layer Ia that is the current generating the monosynaptic EPSP in distal dendrites of pyramidal cells. During the B, component there is a large sink centered in the superficial part of layer Ib ("sup. Ib" in Fig. 9A,B) and a smaller, longer-latency sink in the mid to deep part of layer III ("III" in Fig. 9A ). The superficial Ib sink is mediated by long association axons originating primarily from pyramidal cells in anterior piriform cortex, and the layer III sink is mediated, at least in part, by local axon collaterals of pyramidal cells. The movement of peak inward current during the late part of the B, component to the deep part of layer Ib ("deep Ib" in Fig. 9A ) is believed to correspond to later activation of pyramidal cells in posterior piriform cortex, and perhaps other areas, that project to a deeper zone in layer Ib than those in anterior piriform cortex. During the A, and B, components, outward currents (sources) in layer Ib, then layers II and superficial III (broken lines in Fig. 9A ), are believed to be largely passive return currents associated with the mono-and disynaptic EPSPs. Period 2 is dominated by a dipole consisting of an inward current in layer II-superficial III ("II-III" in Fig. 9A ) and an outward current in layer I that is thought to be associated with IPSP generation.
Responses to weak shocks in kindled rats that did not evoke epileptiform events were qualitatively similar to control responses. However, detailed comparisons could not be made because, even at low shock strengths, it was not possible to obtain a sufficient number of nonepileptiform responses to permit high-resolution CSD analysis.
CSD analysis of epileptiform events. Membrane currents in the early part of period 1 appeared qualitatively normal, but clear abnormalities at longer latency were apparent (Figs. 10,  11) . A striking change was a large decrease in the amplitude of the superficial Ib sink that is prominent in control responses (compare Figs. 9A, 10A ). Since it was not possible do accurate CSD analysis on nonepileptiform responses in kindled animals, it was not clear to what extent this decrease was the result of inhibitory processes triggered by the occurrence of epileptiform events that can block generation of this sink in control animals by inhibition of firing in pyramidal cells that mediate it (Rodriguez and Haberly, 1989; Ketchum and Haberly, unpublished observations) as opposed to a change induced by the kindling process. While the superficial Ib sink was suppressed, a smaller sink focused in the deep part of layer Ib was consistently present late in period 1 in epileptiform responses. This sink continued until appearance of the large membrane currents associated with the peak of the epileptiform event.
For epileptiform events that were initiated near the period l-2 transition, the prominent spike-like deep negative component of the field potential was associated with a sink distributed over the deep part of layer Ib, layer II, and layer III ("Ib,II,III epilep." in Fig. 10 ). In layers II and III this sink abruptly interrupted the large source current associated with the layer Ia and superficial Ib sinks (compare Figs. SC, IOC) . In layer Ib, the deep sink described above that is decreasing in amplitude late in period 1, starts to increase at the same time. The broad distribution over depth of the Ib, II, III epileptiform sink is responsible for the disproportionately large associated deep negative field potential. Since the epileptiform EPSP as observed intracellularly occurs during this field potential component, it can be concluded that the inward current plays a role in its generation. Action potentials that were observed in extracellular recordings in layers II and III during the Ib, II, III epileptiform sink also presumably contributed to the inward current, but the extent of this contribution is undetermined.
Since associational projections in piriform cortex have been shown to originate from pyramidal cells (Haberly and Price, 1978; Haberly, 1985) and to mediate an excitatory action (Haberly and Bower, 1984; Tseng and Haberly, 1988 ) the firing of pyramidal cells during the epileptiform EPSP (Figs. 6-8) would be expected to mediate strong inward currents at the depth of termination of their extensive axonal arbors. Anatomical studies have shown that associational projections from cells in posterior piriform cortex are concentrated in layers Ib and III, with the projection to layer Ib focused at a greater depth than that from anterior piriform cortex that mediates the prominent sink in superficial Ib in control animals. As illustrated in the contour plot in Figure lOA , sinks at the predicted depths ("Ib epilep." and "III epilep.") were observed following the Ib, II, III epileptiform sink with which action potential generation was associated. The Ib epileptiform sink peaked at greater depth than the superficial Ib sink in control animals. There was also a shift in depth of the peak of the Ib epileptiform sink in all experiments as it progressed in time. This shift typically was from the deep part of layer Ib to the middle or superficial part and back to the deep part, perhaps reflecting propagation of epileptiform firing to different parts of olfactory cortex that terminate at different depths in this layer (Luskin and Price, 1983b) .
The onset of period 2 currents was delayed in kindled animals, and their amplitudes increased relative to control animals, but both sinks and sources during period 2 peaked at approximately the same depths as in controls.
Membrane currents visualized by CSD analysis during relatively long-latency kindled epileptiform events (mid to late period 2) (Fig. 11) were similar to those observed at shorter latency with one important exception: the Ib, II, III epileptiform sink displayed a slow rather than abrupt onset. This sink was most apparent in the superficial part of layer III (Fig. 1 lB) , but it was also present in layer II, and appeared to add to the tail of the deep Ib sink as described for the shorter-latency event in Figure  10 . This ramp appeared to start relatively early in period 1 and became a net inward current at 20-25 msec latency. For the event illustrated in Figure 11 , a sharply peaked sink occurred in layer II following the ramplike current. This sink appeared to be sufficiently fast to be associated with action potential generation.
Discussion
The present study of kindled rats has shown that interictal-like epileptiform events resembling those recorded in unanesthetized animals can be reliably evoked in a urethane anesthetized preparation, allowing detailed physiological study. The combined analysis of membrane potential and current has provided Sequence of membrane potentials and currents associated with kindled epileptiform events In intracellular recordings from pyramidal cells, epileptiform and piriform cortex (Haberly and Bower, 1984 ) that evokes events consisted of an initial EPSP that evoked spikes, and a bursts of action potentials.
rapidly rising IPSP that limited spiking to single action potentials. This brief epileptiform EPSP contrasts sharply with the "depolarizing shift" associated with interictal events induced by disinhibition in the intact neocortex (Matsumoto and Marsan, 1964) , hippocampal cortex (Dichter and Spencer, 1969) Figure 10 . Note that the Ib, II, III epileptiform sink builds up slowly rather than abruptly as in the shorterlatency event in Figure 10 (best seen in B and c).
CSD analysis revealed a clearly abnormal sink extending from separated sinks in layers Ib and III, coupled with an intervening the deep part of layer Ib through layer III that was consistently source centered in layer II. As described in Results, this latter correlated in time with the initiation of the epileptiform EPSP pattern likely represents excitatory postsynaptic currents (EPSCs) as recorded intracellularly. Following the firing of action potenin apical and basal dendrites of pyramidal cells in layers Ib and tials, there was an abrupt shift in the laminar distribution of III, respectively, that are coupled to passive outward current in membrane current: the shift was from inward currents in layers cell bodies concentrated in layer II. These currents presumably Ib, 11, and III, coupled to outward current in layer Ia, to spatially occur in other cell types as well; however, as previously dis- (Rodriguez and Haberly, 1989 ) net membrane currents drive epileptiform EPSPs at long delays from the evoking stimdetected by CSD analysis in piriform cortex are largely assoulus. Delays on the order of 10 msec from the normal latency ciated with pyramidal cells as a consequence of the extended of pyramidal cell firing were typical, but could be 50 msec or geometry of their dendritic trees. Concomitant inhibition may longer. In modeling studies of epileptiform activity in hippohave altered the depth distribution ofthe outward return current campal cortex it has been shown that delays on this order can for the EPSC, but given the relatively small net currents assobe introduced as a consequence of a slow onset of reverberating ciated with IPSPs (Mitzdorf, 1985; Ketchum and Haberly, un- positive feedback (Traub and Dingledine, 1990) . It has also been published observations), it is unlikely that they contributed subspeculated (Hoffman and Haberly, 1989a ) that an endogenous stantially to the observed sinks. Examination of intracellularly regenerative potential in deep cells in the piriform cortex and recorded potentials at the time of occurrence of the large postendopiriform nucleus (Tseng and Haberly, 1989a) , thought to spiking sinks yields the rather surprising conclusion that shuntbe mediated by Ca2+ (Tseng and Haberly, 1989b) , may also contribute to the delay. ing and hyperpolarization associated with IPSPs completely blocked the spread of EPSPs generated by these sinks to the cell body in most cases. Only when the fast IPSP failed to occur (Fig. 7) perhaps as a consequence of the absence of population firing by pyramidal cells at the recording site, could the presence of this excitatory process be directly observed intracellularly.
IPSPs could be studied by CSD analysis only from approximately 50 msec (termination of obscuring EPSPs) to 150 msec (limit of statistically significant signal). In this window, distribution over depth of generating currents was indistinguishable from that associated with period 2 in control animals. This suggests that early inhibitory components are qualitatively similar in kindled and normal animals.
Mechanism of generation of kindled epileptiform events
Although the present studies in vivo are largely of value for study of the mechanism of expression of kindled epileptiform events, clues to the underlying initiation processes have been obtained.
One obvious clue is the finding that an EPSP underlies the depolarizing process that drives epileptiform spiking in pyramidal cells. In studies ofepileptiform potentials in slices induced by bursting activity in vitro (Hoffman and Haberly, 1989a,b, 199 1 a) and by kindling prior to slice preparation (Hoffman and Haberly, 199 1 b) , a similar conclusion was reached. A central question is the identity of the cells that drive the initial epileptiform EPSP. In the slice preparation it was shown by a number of manipulations that are not possible in vivo that this EPSP is driven by deep cells in the endopiriform nucleus and ventral claustrum, subjacent to the piriform cortex and, perhaps, in the deep part of layer III of piriform cortex (Hoffman and Haberly, 199 1 a, b) . The only evidence from the present study bearing on this question is the laminar distribution of inward current as revealed by CSD analysis. Unfortunately, as described in Results, overlap of the epileptiform EPSC with nonepileptiform EPSCs and currents associated with relatively synchronous action potential generation and perhaps other voltage-dependent currents precluded definite conclusions.
Three other characteristics of the generation process provide further clues concerning its mechanism. First, the synaptic drive onto pyramidal cells that initiates epileptiform events tends to occur in an all-or-none fashion. This clearly establishes the presence of a synchronizing process that allows a large ensemble of the driving cells to fire within a brief time window to mediate the initial phase of the epileptiform EPSP. In slice studies Haberly, 1989a,b, Hoffman and Haberly, 1991a,b) it has been shown that cells at the deep boundary of piriform cortex have this property. Indirect evidence suggests that synchronized epileptiform firing is a consequence, at least in part, of reverberating positive feedback in direct excitatory connections in deep cell populations.
A second characteristic of the generation process is that it can A third characteristic that offers potential insight into the mechanism ofgeneration is that initiation ofepileptiform EPSPs can occur during the time period in which IPSPs block action potential initiation in pyramidal and deep nonpyramidal cells in control animals (Haberly and Bower, 1984; Haberly, 1988, 1989a) . This inhibition prevents firing in response to the second of a pair of shocks separated by 30 msec in control animals, yet in kindled animals the occurrence of epileptiform spikes is enhanced at this interval (Fig. 3B) . Clearly, at least certain inhibitory processes are intact in kindled animals as evidenced by the presence of strong IPSPs in nonepileptiform (Fig. 6B ) and epileptiform (Fig. 6A) responses. These IPSPs are sufficiently strong and fast to limit firing of pyramidal cells consistently during interictal events to single action potentials. However, it would appear that either the synchronization process that drives interictal spikes is insensitive to this inhibition or the short-latency inhibition associated with nonepileptiform responses is impaired in kindled animals. Does epileptiform activity propagate within piriform cortex? On the basis of the results obtained by simultaneous two-site recording, it can be postulated that epileptiform events in kindled animals can propagate from posterior to anterior within the piriform cortex. This hypothesis is suggested by the finding that infrequently occurring epileptiform events in posterior piriform cortex are followed by epileptiform events in anterior piriform cortex at a relatively consistent delay, regardless of absolute latency. Furthermore, conduction velocities computed from delays with the assumption that propagation has occurred are in the range of conduction velocities of the fine-caliber long associational axons within the piriform cortex (Haberly, 1978) . The finding that anterior events can be larger and faster in waveform than preceding posterior events suggests that the allor-none generation process is propagating, as opposed to a nonregenerative postsynaptic potential driven by an axonal volley from an epileptiform event confined to posterior piriform cortex. The possibility must also be considered that epileptiform activity is originating outside the piriform cortex and propagated to posterior piriform cortex by a shorter or faster pathway than to anterior piriform cortex.
Relationship of interictal-like epileptiform events to kindled seizures The interictal epileptiform activity examined in the present study is highly restricted temporally and clearly has no direct relationship to behaviorally observed seizures in kindled animals. However, the new insights into the neuronal activity that underlies these abnormal potentials do allow the formulation of hypotheses concerning seizure generation. One relevant finding is that the brief epileptiform events trigger strong volleys in the association fibers that originate from and terminate on pyramidal cells. This was revealed as the large EPSC in layers Ib and III following epileptiform firing of pyramidal cells. A second finding relevant to understanding seizure generation is that the strong feedback IPSP blocks initiation of action potentials by this excitatory current. It follows that any impairment of this IPSP could lead to sustained seizure activity, since the associational fibers in piriform cortex constitute a positive feedback loop in the pyramidal cell population that could drive a reverberating self-excitation. It can be speculated that the stimulus trains used to trigger seizures in kindled animals have this disinhibitory action. Such "frequency disinhibition" has been demonstrated in other areas of cerebral cortex as a consequence of a number of processes including a shift in Cl-equilibrium potential, receptor desensitization, channel phosphorylation, and presynaptic inhibition via GABA, receptors (McCarren and Alger, 1985; Huguenard and Alger, 1986; Deisz and Prince, 1989; Thompson and GBhwiler, 1989a-c; Chen et al., 1990) .
It is important to note that the association fibers from pyramidal cells in piriform cortex are distributed over widespread portions of the basal forebrain. These fibers provide heavy direct projections to a number of areas that are prone to complex partial seizures (Delgado-Escueta et al., 1986) , including insular and orbitofrontal areas of neocortex, the amygdala, and the entorhinal cortex, which is the major input to the hippocampus (Luskin and Price, 1983a; Price, 1985; Takagi, 1986) . As a consequence, epileptiform activity occurring in the piriform cortex could be widely disseminated.
